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(57) ABSTRACT

A method for suppressing isomerization of an olefin metathe-
sis product produced in a metathesis reaction includes adding
an isomerization suppression agent to a mixture that includes
the olefin metathesis product and residual metathesis catalyst
from the metathesis reaction under conditions that are suffi-
cient to passivate at least a portion of the residual metathesis
catalyst. The isomerization suppression agent includes (i) a
salt and/or an ester of a phosphorous oxo acid, and/or (ii) a
derivative of the phosphorous oxo acid in which at least one
P—H bond has been replaced by a P—C bond, and/or (iii) a
salt and/or an ester of the derivative. Methods of refining
natural oils are described.
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1
METHODS FOR SUPPRESSING
ISOMERIZATION OF OLEFIN METATHESIS
PRODUCTS

TECHNICAL FIELD

The present teachings relate generally to methods for sup-
pressing the isomerization of olefins—particularly olefins
produced in metathesis reactions.

BACKGROUND

The olefin metathesis reaction is a highly versatile and
powerful technique for the synthetic preparation of alkenes.
Transition metal carbene complexes—particularly those
incorporating ruthenium—are popular catalysts for metathe-
sis. However, the yield of certain desired metathesis products
can be significantly reduced by double bond isomerization.
This is typically the result of residual metathesis catalyst
and/or its byproducts being present in the reaction mixture.
This problem becomes particularly acute if the metathesis
mixture is heated and/or distilled in the presence of residual
catalyst.

In view of this problem, it is oftentimes necessary to
remove residual metathesis catalyst from an olefinic metathe-
sis product (or otherwise passivate the residual catalyst) prior
to subjecting the olefinic metathesis product to further chemi-
cal reactions and/or processing. One approach, as described
inU.S. Pat. No. 6,215,019 B1, has been to add tris(hydroxym-
ethyl) phosphine (THMP) to the reaction mixture as an
isomerization inhibitor. Unfortunately, the commercial avail-
ability and pricing of THMP are not viable on an industrial
scale. Moreover, although THMP can be prepared from pre-
cursor salts, such as tetrakis(hydroxymethyl) phosphonium
sulfate (THPS) or tetrakis(thydroxymethyl) phosphonium
chloride (TKC), the conversion involves generation of form-
aldehyde—a known human carcinogen—as a byproduct. In
addition, if pH is not strictly controlled during the formation
of THMP (e.g., if conditions become too basic), explosive
hydrogen gas has been known to form.

An isomerization suppression agent that efficiently passi-
vates residual metathesis catalyst present in admixture with
olefinic metathesis product, and which is readily available on
a commercial scale but does not produce carcinogenic by-
products and/or involve the formation of explosive hydrogen
gas is needed.

SUMMARY

The scope of the present invention is defined solely by the
appended claims, and is not affected to any degree by the
statements within this summary.

By way of introduction, a first method for suppressing
isomerization of an olefin metathesis product produced in a
metathesis reaction includes adding an isomerization sup-
pression agent to a mixture that includes the olefin metathesis
product and residual metathesis catalyst from the metathesis
reaction under conditions that are sufficient to passivate at
least a portion of the residual metathesis catalyst. The isomer-
ization suppression agent includes (i) a salt and/or a substan-
tially water-insoluble ester of a phosphorous oxo acid, and/or
(ii) a derivative of the phosphorous oxo acid in which at least
one P—H bond has been replaced by a P—C bond, and/or (iii)
a salt and/or an ester of the derivative.

A second method for suppressing isomerization of an ole-
fin metathesis product produced in a metathesis reaction
includes: (a) adding an isomerization suppression agent to a
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mixture that includes the olefin metathesis product and
residual metathesis catalyst from the metathesis reaction
under conditions that are sufficient to passivate at least a
portion of the residual metathesis catalyst; and (b) processing
the mixture to provide a fraction that comprises the olefin
metathesis product and/or a derivative thereof, wherein the
isomerization suppression agent is not removed from the
mixture prior to the processing. The isomerization suppres-
sion agent includes (i) a salt and/or an ester of a phosphorous
oxo acid, and/or (ii) a derivative of the phosphorous oxo acid
in which at least one P—H bond has been replaced by a P—C
bond, and/or (iii) a salt and/or an ester of the derivative.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows representative phosphorous acid derivatives
for use in accordance with the present teachings.

FIG. 2 shows representative phosphinic acid derivatives for
use in accordance with the present teachings.

FIG. 3 is a process flow diagram depicting a representative
scheme for isomerization suppression in an olefin metathesis
product and shows an optional extraction, separation, and
transesterification.

DETAILED DESCRIPTION

An effective methodology for suppressing the isomeriza-
tion of olefin metathesis products—which is suitable for
application on a large-scale, does not involve the generation
of carcinogenic byproducts, such as formaldehyde, and is not
susceptible to the generation of explosive gas, such as hydro-
gen—has been discovered and is described herein. In some
embodiments, the inventive methodology utilizes (i) a salt
and/or an ester of a phosphorous oxo acid, and/or (ii) a deriva-
tive of the phosphorous oxo acid in which at least one P—H
bond has been replaced by a P—C bond, and/or (iii) a salt
and/or an ester of the derivative. In some embodiments, the
inventive methodology facilitates preservation of the original
location of a carbon-carbon double bond created during a
metathesis reaction, thereby facilitating subsequent process-
ing of metathesized product and preserving product integrity.

In some embodiments of the inventive methodology, the
mixture comprising the olefin metathesis product can be sub-
jected to further processing—which, in some embodiments,
optionally involves heating (e.g., distillation, transesterifica-
tion, and/or the like)—in order to separate off and/or deriva-
tize an olefin metathesis product. In some embodiments, sur-
prisingly and unexpectedly, the mixture can be subjected to
such processing directly and without first requiring removal
of'the isomerization suppression agent (e.g., via water extrac-
tion or the like). In some embodiments, surprisingly and
unexpectedly, processing without first removing the isomer-
ization suppression agent—even when heating is involved—
does not substantially compromise the integrity of the olefin
metathesis product and/or its derivatives. In some embodi-
ments, a metathesized oil treated with an isomerization sup-
pression agent in accordance with the present teachings can
beseparated (e.g., via distillation) into a triacylglyceride frac-
tion (which, in some embodiments, can optionally be trans-
esterified) and an olefinic fraction without first requiring the
removal of the added isomerization suppression agent.

Definitions

Throughout this description and in the appended claims,
the following definitions are to be understood:
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The term “olefin” refers to a hydrocarbon compound con-
taining at least one carbon-carbon double bond. As used
herein, the term “olefin” encompasses hydrocarbons having
more than one carbon-carbon double bond (e.g., di-olefins,
tri-olefins, etc.). In some embodiments, the term “olefin”
refers to a group of carbon-carbon double bond-containing
compounds with different chain lengths. In some embodi-
ments, the term “olefin” refers to poly-olefins, straight,
branched, and/or cyclic olefins.

The term “suppressing” as used in reference to the isomer-
ization of an olefin refers to an inhibitory effect on an olefin’s
susceptibility towards isomerization under a given set of con-
ditions. It is to be understood that the term “suppressing”
encompasses but does not necessarily imply 100% suppres-
sion (i.e., 0% isomerization).

The term “isomerization” as used in reference to an olefin
metathesis product refers to the migration of a carbon-carbon
double bond in the product to another location within the
molecule (e.g., from a terminal position to an internal position
and/or from an internal position to a terminal position and/or
from a first internal position to a second internal position
and/or from a first terminal position to a second terminal
position, etc.).

The phrase “olefin metathesis product” refers to any prod-
uct produced in a metathesis reaction that contains at least one
carbon-carbon double bond. In some embodiments, the “ole-
fin metathesis product” is an unfunctionalized hydrocarbon
compound. In some embodiments, the phrase “olefin met-
athesis product” subsumes the term “olefin.” In some embodi-
ments, the “olefin metathesis product” is functionalized and
contains one or a plurality of additional functional groups in
addition to its at least one carbon-carbon double bond.

The term “functionalized” and the phrase “functional
group” refer to the presence in a molecule of one or more
heteroatoms at a terminal and/or an internal position, wherein
the one or more heteroatoms is an atom other than carbon and
hydrogen. In some embodiments, the heteroatom constitutes
one atom of a polyatomic functional group with representa-
tive functional groups including but not limited to carboxylic
acids, carboxylic esters, ketones, aldehydes, anhydrides,
ether groups, cyano groups, nitro groups, sulfur-containing
groups, phosphorous-containing groups, amides, imides,
N-containing heterocycles, aromatic N-containing hetero-
cycles, salts thereof, and the like, and combinations thereof.

The phrase “metathesis reaction” refers to a chemical reac-
tion involving a single type of olefin or a plurality of different
types of olefin, which is conducted in the presence of a met-
athesis catalyst, and which results in the formation of at least
one new olefin product. The phrase “metathesis reaction”
encompasses self-metathesis, cross-metathesis (aka co-met-
athesis; CM), ring-opening metathesis (ROM), ring-opening
metathesis polymerizations (ROMP), ring-closing metathe-
sis (RCM), acyclic diene metathesis (ADMET), and the like,
and combinations thereof. In some embodiments, the phrase
“metathesis reaction” refers to a chemical reaction involving
a natural oil feedstock.

The phrase “phosphorous oxo acid” refers to a molecule
that comprises a P—OH moiety in which the hydrogen atom
is ionizable.

The phrase “higher acid” as used in reference to a phos-
phorous oxo acid refers to an acid in which phosphorous is in
an oxidation state of +5.

The phrase “lower acid” as used in reference to a phospho-
rous oxo acid refers to an acid in which phosphorous is in an
oxidation state below +5 (e.g., P).
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The phrase “ester of a phosphorous oxo acid” refers to a
molecule that comprises a P—OR bond, wherein R denotes
any substituted or unsubstituted alkyl or aryl group.

The phrase “substantially water-insoluble™ as used in ref-
erence to an ester of a phosphorous oxo acid refers to a
molecule that partitions into an organic phase in preference to
an aqueous phase. It is to be understood that the phrase
“substantially water-insoluble” encompasses but does not
necessarily imply 0% aqueous solubility.

The phrases “natural oil,” “natural oil feedstock,” and the
like refer to oils derived from plant or animal sources. As used
herein, these phrases encompass natural oil derivatives as
well, unless otherwise indicated.

The term “derivative” as used in reference to a substrate
(e.g., a “functionalized derivative” of a carboxylic acid, such
as 9-decenoic acid, etc.) refers to compounds and/or mixture
of compounds derived from the substrate by any one or com-
bination of methods known in the art, including but not lim-
ited to saponification, transesterification, esterification,
amidification, amination, imide preparation, hydrogenation
(partial or full), isomerization, oxidation, reduction, and the
like, and combinations thereof.

The phrase “natural oil derivatives” refers to compounds
and/or mixture of compounds derived from a natural oil using
any one or combination of methods known in the art, includ-
ing but not limited to saponification, transesterification,
esterification, amidification, amination, hydrogenation (par-
tial or full), isomerization, oxidation, reduction, and the like,
and combinations thereof.

The phrase “low-molecular-weight olefin” refers to any
straight, branched or cyclic olefin in the C, to C,, range
and/or any combination of such olefins. The phrase “low-
molecular-weight olefin” encompasses polyolefins including
but not limited to dienes, trienes, and the like. In some
embodiments, the low-molecular-weight olefin is functional-
ized.

The term “ester” as used in reference to olefin metathesis
products and/or derivatives thereof refers to compounds hav-
ing a general formula R—COO—R', wherein R and R' denote
any substituted or unsubstituted alkyl or aryl group. In some
embodiments, the term “ester” refers to a group of com-
pounds having a general formula as described above, wherein
the compounds have different chain lengths.

The phrase “residual metathesis catalyst” refers to a cata-
Iytic material left over from a metathesis reaction that is
capable of participating in, catalyzing and/or otherwise pro-
moting or facilitating the isomerization of a carbon-carbon
double bond although it may or may not still be capable of
catalyzing a metathesis reaction. As used herein, the phrase
“residual metathesis catalyst” encompasses wholly unreacted
metathesis catalyst, partially reacted metathesis catalyst, and
all manner of chemical entities derived from a metathesis
catalyst over the course of a metathesis reaction, including but
not limited to all manner of active or inactive intermediates
(e.g., carbenes, metallocycles, etc.), degradation and/or
decomposition products (e.g., metal hydrides, ligand frag-
ments, etc.), metals, metal salts, metal complexes, and the
like, and combinations thereof.

The term “passivate” as used in reference to residual met-
athesis catalyst refers to any reduction in the activity of the
residual metathesis catalyst vis-a-vis its ability and/or ten-
dency to catalyze and/or otherwise participate in (e.g., via a
stoichiometric chemical reaction, sequestration or the like)
the isomerization of a carbon-carbon double bond. It is to be
understood that the term “passivate” encompasses but does
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not necessarily imply complete deactivation of residual met-
athesis catalyst towards isomerization of a carbon-carbon
double bond.

The phrase “conditions sufficient to passivate” as used in
reference to the conditions under which an isomerization
suppression agent is added to a mixture comprising olefin
metathesis product and residual metathesis catalyst refers to a
variable combination of experimental parameters, which
together result in the passivation of at least a portion of
residual metathesis catalyst. The selection of these individual
parameters lies well within the skill of the ordinary artisan in
view of the guiding principles outlined herein, and will vary
according to the target reduction in degree of isomerization
that is being sought for a particular application. As used
herein, the phrase “conditions sufficient to passivate” encom-
passes experimental parameters including but not limited to
concentrations of reagents, the type of mixing and/or stirring
provided (e.g., high-shear, low-intensity, etc.), reaction tem-
perature, residence time, reaction pressure, reaction atmo-
sphere (e.g., exposure to atmosphere vs. an inert gas, etc.),
and the like, and combinations thereof.

The phrase “degree of isomerization” as used in relation to
an olefin metathesis product refers to an amount to which a
carbon-carbon double bond in the olefin metathesis product
undergoes migration from its original position to a subse-
quent position (e.g., the degree to which an initially formed
olefin metathesis product is converted into one or more non-
identical isomers thereof). In some embodiments, the “degree
of isomerization” refers to the degree to which an initially
formed c-olefin metathesis product is converted into one or
more internal isomers thereof under a given set of conditions
(e.g., the amount of terminal-to-internal migration). In some
embodiments, the “degree of isomerization” refers to the
degree to which an olefin metathesis product containing an
internal carbon-carbon double bond is converted into an
a-olefin under a given set of conditions (e.g., the amount of
internal-to-terminal migration). In some embodiments, the
“degree of isomerization” refers to the degree to which an
olefin metathesis product containing an internal carbon-car-
bon double bond is converted into one or more additional and
non-identical internal isomers thereof under a given set of
conditions (e.g., the amount of internal-to-internal migra-
tion). In some embodiments, the “degree of isomerization”
refers to the degree to which an initially formed a-olefin
metathesis product is converted into a different a-olefin under
a given set of conditions (e.g., the amount of terminal-to-
terminal migration). In some embodiments, the “degree of
isomerization” refers to any combination of the amount of
terminal-to-internal migration, the amount of internal-to-ter-
minal migration, the amount of internal-to-internal migra-
tion, and/or the amount of terminal-to-terminal migration.

The term “attached” as used in reference to a solid support
and an isomerization suppression agent is to be understood
broadly and without limitation to encompass a range of asso-
ciative-type forces, including but not limited to covalent
bonds, ionic bonds, physical and/or electrostatic attractive
forces (e.g., hydrogen bonds, Van der Waals forces, etc.), and
the like, and combinations thereof.

By way of general background, as mentioned above, the
presence of residual metathesis catalyst during heating and/or
distillation of an olefin metathesis product can result in the
isomerization of a carbon-carbon double bond in the product,
such that one or more isomers of the original olefin metathesis
product are formed. Such isomerization is generally undesir-
able when end-group functionalization within the product
molecule is the goal. In addition, such isomerization is gen-
erally undesirable when it leads to a mixture of products and
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the goal is a well-defined product in high yield and in high
purity. Labile olefins and/or olefins that are not as thermody-
namically stable as other isomers readily accessible through
isomerization are particularly—though by no means exclu-
sively—susceptible to isomerization (e.g., terminal olefins,
vinyl olefins, vinylidene olefins, and the like).

By way of example, although methyl 9-decenoate is an
expected product of the cross-metathesis between methyl
oleate and the a-olefin 1-butene, it is found in practice that
some isomerization of the 9-substituted olefin to one or more
internal olefins (e.g., migration of the double bond to the 7-
and/or 8-positions) can occur when the cross metathesis prod-
uct is heated prior to removal and/or pacification of residual
metathesis catalyst. To assess the magnitude of the isomer-
ization, the cross-metathesized material obtained from the
cross-metathesis between methyl oleate and 1-butene was
subjected to typical oil refining conditions, such as exposure
to high temperatures (e.g., about 250° C.). In the absence of
any isomerization suppression agent, the degree of isomer-
ization of methyl 9-decenoate to internal isomers under typi-
cal conditions was observed to be about 25%. It is to be
understood, however, that this degree of isomerization is
meant solely to be illustrative and that it can vary depending
on the particular substrate and conditions.

However, by adding, for example, an ester of a phospho-
rous 0xXo acid as an isomerization suppression agent—par-
ticularly though not exclusively a phosphite ester (which, in
some embodiments, has a molecular weight sufficiently high
that the phosphite ester exhibits thermal stability), and par-
ticularly though not exclusively in an excess molar amounts
relative to residual metathesis catalyst—the present inventors
found that the degree of isomerization can be greatly reduced.
Moreover, many esters of phosphorous oxo acids (e.g., vari-
ous high molecular weight phosphite esters that are used as
secondary antioxidants during high temperature polymer pro-
cesses, including but not limited to the extrusion of polyole-
fins at temperatures above about 250° C.) are available in
commercial quantities and are not subject to the same carci-
nogenicity and explosion concerns that are associated with
THMP production.

It is to be understood that elements and features of the
various representative embodiments described below may be
combined in different ways to produce new embodiments that
likewise fall within the scope of the present teachings.

By way of general introduction, in some embodiments, a
method in accordance with the present teachings for sup-
pressing isomerization of an olefin metathesis product pro-
duced in a metathesis reaction comprises adding an isomer-
ization suppression agent to a mixture that comprises the
olefin metathesis product and residual metathesis catalyst
from the metathesis reaction. The isomerization suppression
agent is added under conditions sufficient to passivate at least
a portion of the residual metathesis catalyst, and is selected
from the group consisting of (i) a salt and/or an ester of a
phosphorous oxo acid, (ii) a derivative of the phosphorous
oxo acid in which at least one P—H bond has been replaced
by a P—C bond, (iii) a salt and/or an ester of the derivative,
and (iv) combinations thereof. In some embodiments, the
ester of the phosphorous oxo acid is substantially water-
insoluble.

As described above, in some embodiments—particularly
though not exclusively embodiments in which the isomeriza-
tion suppression agent comprises a phosphite ester having a
sufficiently high molecular weight and exhibiting a desired
degree of thermal stability—the mixture comprising the ole-
fin metathesis product can be subjected directly to further
processing in the presence of the isomerization suppression
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agent. In other words, in some embodiments, it may not be
possible, necessary, and/or desirable to remove the isomer-
ization suppression agent via extraction with a polar solvent
(e.g., water) prior to further processing, including but not
limited to processing that involves heating. In some embodi-
ments, one such isomerization suppression agent comprises a
substantially water-insoluble ester of a phosphorous oxo acid
which, in some embodiments, may not partition to a signifi-
cant degree in a polar solvent.

It is to be understood that under a give set of biphasic
conditions, a “substantially water-insoluble” ester of a phos-
phorous oxo acid may partition to some extent into the aque-
ous phase rather than the organic phase (albeit in an amount
that is less than about 50 wt %, in some embodiments less than
about 40 wt %, in some embodiments less than about 35 wt %,
in some embodiments less than about 30 wt %, in some
embodiments less than about 25 wt %, in some embodiments
less than about 20 wt %, in some embodiments less than about
15 wt %, in some embodiments less than about 10 wt %, in
some embodiments less than about 5 wt %, in some embodi-
ments less than about 3 wt %, and in some embodiments less
than about 1 wt %). The use of such a substantially water-
insoluble ester of a phosphorous oxo acid in accordance with
the present teachings stands in stark contrast to conventional
wisdom which advocates removal of metathesis catalyst with
awater-soluble phosphine, such as THMP (e.g., International
Patent Application Publication No. WO 01/36368 A2).

Thus, as described above, after the isomerization suppres-
sion agent has been added to the mixture comprising the
olefin metathesis product and residual metathesis catalyst, the
isomerization suppression agent, in some embodiments, can
be left in the mixture and carried along, either in whole or in
part, in a subsequent chemical reaction or processing step. In
other embodiments, including but not limited to embodi-
ments in which the isomerization suppression agent com-
prises (1) an at least partially water-soluble salt and/or ester of
aphosphorous oxo acid, and/or (ii) an at least partially water-
soluble derivative of the phosphorous oxo acid in which at
least one P—H bond has been replaced by a P—C bond,
and/or (iii) an at least partially water-soluble salt and/or ester
of the derivative, the isomerization suppression agent can
optionally be separated and removed from the mixture, either
partially or completely, prior to any subsequent reaction or
processing step.

For embodiments in which it is desirable to separate and/or
remove isomerization suppression agent following passiva-
tion of residual metathesis catalyst, a method in accordance
with the present teachings can optionally further comprise
washing or extracting the metathesis reaction mixture with a
polar solvent (e.g., particularly, though not exclusively, for
embodiments in which the isomerization suppression agent is
at least partially soluble in the polar solvent). In some
embodiments, the polar solvent is at least partially non-mis-
cible with the mixture, such that a separation of layers can
occur. In some embodiments, at least a portion of the isomer-
ization suppression agent is partitioned into the polar solvent
layer, which can then be separated from the non-miscible
remaining layer and removed. Representative polar solvents
for use in accordance with the present teachings include but
are not limited to water, alcohols (e.g., methanol, ethanol,
etc.), ethylene glycol, glycerol, DMF, multifunctional polar
compounds including but not limited to polyethylene glycols
and/or glymes, and the like, and combinations thereof. In
some embodiments, the mixture is extracted with water. In
some embodiments, when the ester of the phosphorous oxo
acid used as an isomerization suppression agent is a phosphite
ester that is at least partially hydrolyzable (e.g., in some
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embodiments, a phosphite ester having a low molecular
weight, including but not limited to trimethyl phosphite, tri-
ethyl phosphite, and a combination thereof), washing the
mixture with water may convert the phosphite ester into a
corresponding acid. While neither desiring to be bound by
any particular theory nor intending to limit in any measure the
scope of the appended claims or their equivalents, it is pres-
ently believed that such a hydrolysis may occur more rapidly
with lower molecular weight esters.

In addition to or as an alternative to washing the mixture
with a polar solvent to remove isomerization suppression
agent—which, in some embodiments, may serve to remove at
least a portion of the isomerization suppression agent—a
method in accordance with the present teachings can option-
ally further comprise removing at least a portion of the
isomerization suppression agent by adsorbing it onto an
adsorbent, which optionally can then be physically separated
from the mixture (e.g., via filtration or the like). In some
embodiments, the adsorbent is polar. Representative adsor-
bents for use in accordance with the present teachings include
but are not limited to carbon, silica, silica-alumina, alumina,
clay, magnesium silicates (e.g., Magnesols), the synthetic
silica adsorbent sold under the tradename TRISYL by W. R.
Grace & Co., diatomaceous earth, and the like, and combina-
tions thereof.

In some embodiments, the olefin metathesis product com-
prises at least one terminal double bond and, in some embodi-
ments, the isomerization comprises conversion of the termi-
nal double bond to an internal double bond. In some
embodiments, the olefin metathesis product comprises at
least one internal double bond and, in some embodiments, the
isomerization comprises conversion of the internal double
bond to a different internal double bond (i.e., an internal
double bond between two carbon atoms at least one of which
was not part of the original internal double bond). In some
embodiments, the olefin metathesis product comprises at
least one internal double bond and, in some embodiments, the
isomerization comprises conversion of the internal double
bond to a terminal double bond. In some embodiments, the
suppressing of the isomerization comprises an observed
degree of isomerization that is less than about 5%, in some
embodiments less than about 4%, in some embodiments less
than about 3%, in some embodiments less than about 2%, in
some embodiments less than about 1%, in some embodiments
less than about 0.9%, in some embodiments less than about
0.8%, in some embodiments less than about 0.7%, in some
embodiments less than about 0.6%, in some embodiments
less than about 0.5%, in some embodiments less than about
0.4%, in some embodiments less than about 0.3%, in some
embodiments less than about 0.2%, and in some embodi-
ments less than about 0.1%.

In some embodiments, the olefin metathesis product is
a,m-di-functionalized. In some embodiments, the olefin met-
athesis product comprises a carboxylic acid moiety. In some
embodiments, the olefin metathesis product comprises a ter-
minal olefin and a carboxylic acid moiety. In some embodi-
ments, the olefin metathesis product comprises an internal
olefin and a carboxylic acid moiety. In some embodiments,
the olefin metathesis product comprises a carboxylic ester
moiety. In some embodiments, the olefin metathesis product
comprises a terminal olefin and a carboxylic ester moiety. In
some embodiments, the olefin metathesis product comprises
an internal olefin and a carboxylic ester moiety. In some
embodiments, the olefin metathesis product is selected from
the group consisting of 9-decenoic acid, an ester of 9-de-
cenoic acid, 9-undecenoic acid, an ester of 9-undecenoic acid,
9-dodecenoic acid, an ester of 9-dodecenoic acid, 1-decene,
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2-dodecene, 3-dodecene, and combinations thereof. In some
embodiments, the esters of 9-decenoic acid, 9-undecenoic
acid, and 9-dodecenoic acid are alkyl esters, and, in some
embodiments, methyl esters (e.g., methyl 9-decenoate,
methyl 9-undecenoate, methyl 9-dodecenoate, etc.).

In some embodiments, the olefin metathesis product is
derived from a natural oil reactant. In some embodiments, the
metathesis reaction that produced the olefin metathesis prod-
uct comprises self-metathesis of a natural oil and/or a deriva-
tive thereof. In some embodiments, the metathesis reaction
that produced the olefin metathesis product comprises cross-
metathesis between a natural oil and/or a derivative thereof
and a low molecular weight olefin.

Representative examples of natural oils for use in accor-
dance with the present teachings include but are not limited to
vegetable oils, algal oils, animal fats, tall oils (e.g., by-prod-
ucts of wood pulp manufacture), derivatives of these oils, and
the like, and combinations thereof. Representative examples
of'vegetable oils for use in accordance with the present teach-
ings include but are not limited to canola oil, rapeseed oil,
coconut oil, corn oil, cottonseed oil, olive oil, palm oil, peanut
oil, safflower oil, sesame oil, soybean oil, sunflower oil, lin-
seed oil, palm kernel oil, tung oil, jatropha oil, mustard oil,
pennycress oil, camelina oil, hemp oil, castor oil, and the like,
and combinations thereof. Representative examples of ani-
mal fats for use in accordance with the present teachings
include but are not limited to lard, tallow, poultry fat, yellow
grease, brown grease, fish oil, and the like, and combinations
thereof. In some embodiments, the natural oil may be refined,
bleached, and/or deodorized.

Representative examples of natural oil derivatives for use
in accordance with the present teachings include but are not
limited to gums, phospholipids, soapstock, acidulated soap-
stock, distillate or distillate sludge, fatty acids, fatty acid alkyl
esters (e.g., non-limiting examples such as 2-ethylhexyl ester,
etc.), hydroxy-substituted variations thereof, and the like, and
combinations thereof. In some embodiments, the natural oil
derivative is a fatty acid methyl ester (FAME) derived from
the glyceride of the natural oil.

In some embodiments, the low-molecular-weight olefin is
an “a-olefin” (aka “terminal olefin”) in which the unsaturated
carbon-carbon bond is present at one end of the compound. In
some embodiments, the low-molecular-weight olefin is an
internal olefin. In some embodiments, the low-molecular-
weight olefin is functionalized. In some embodiments, the
low-molecular weight olefin is a C,-C;, olefin. In some
embodiments, the low-molecular weight olefin is a C,-C;,
a-olefin. In some embodiments, the low-molecular weight
olefin is a C,-C,5 olefin. In some embodiments, the low-
molecular weight olefin is a C,-C,5 a-olefin. In some
embodiments, the low-molecular weight olefin is a C,-C,
olefin. In some embodiments, the low-molecular weight ole-
fin is a C,-C,, a-olefin. In some embodiments, the low-
molecular weight olefin is a C,-C, 5 olefin. In some embodi-
ments, the low-molecular weight olefin is a C,-C, 5 a-olefin.
In some embodiments, the low-molecular weight olefin is a
C,-C,, olefin. In some embodiments, the low-molecular
weight olefin is a C,-C, , a-olefin. In some embodiments, the
low-molecular weight olefin is a C,-Cg olefin. In some
embodiments, the low-molecular weight olefin is a C,-Cq
a-olefin. In some embodiments, the low-molecular weight
olefin is a C,-C; olefin. In some embodiments, the low-mo-
lecular weight olefin is a C,-C, a-olefin. Representative low-
molecular-weight olefins in the C, to C, range include but are
not limited to ethylene, propylene, 1-butene, 2-butene,
isobutene, 1-pentene, 2-pentene, 3-pentene, 2-methyl-1-
butene, 2-methyl-2-butene, 3-methyl-1-butene, cyclopen-
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tene, 1-hexene, 2-hexene, 3-hexene, 4-hexene, 2-methyl-1-
pentene, 3-methyl-1-pentene, 4-methyl-1-pentene,
2-methyl-2-pentene, 3-methyl-2-pentene, 4-methyl-2-pen-
tene, 2-methyl-3-pentene, 1-hexene, 2-hexene, 3-hexene,
cyclohexene, and the like, and combinations thereof. In some
embodiments, the low-molecular-weight olefin is an c-olefin
selected from the group consisting of styrene, vinyl cyclohex-
ane, and a combination thereof. In some embodiments, the
low-molecular weight olefin is a mixture of linear and/or
branched olefins in the C,-C, , range. In some embodiments,
the low-molecular weight olefin is a mixture of linear and/or
branched C, olefins (e.g., combinations of 1-butene,
2-butene, and/or iso-butene). In some embodiments, the low-
molecular weight olefin is a mixture of linear and/or branched
olefins in the higher C,,-C, , range.

In some embodiments, the olefin metathesis product com-
prises at least one internal double bond, which in some
embodiments is cis and in some embodiments is trans. In
some embodiments, the olefin metathesis product comprises
at least one terminal double bond and at least one internal
double bond. In some embodiments, the olefin metathesis
product comprises at least one terminal double bond and/or at
least one internal double bond, and at least one additional
functional group. In some embodiments, the at least one
additional functional group is selected from the group con-
sisting of carboxylic acids, carboxylic esters, mono-acylglyc-
erides (MAGs), di-acylglycerides (DAGs), tri-acylglycerides
(TAGs), and combinations thereof. In some embodiments, the
olefin metathesis product is produced in a self-metathesis
reaction. In some embodiments, the olefin metathesis product
is produced in a cross-metathesis reaction. In some embodi-
ments, the olefin metathesis product is a downstream deriva-
tive of a self-metathesis or cross-metathesis product (includ-
ing but not limited to, for example, transesterification
products, hydrolysis products, and the like, and combinations
thereof). In some embodiments, the olefin metathesis product
is produced in a metathesis reaction involving one or more
previously formed olefin metathesis products (e.g., the pro-
duction of 9-ODDAME from the cross-metathesis of
9-DAME and 9-DDAME—one or both of which is itself a
product of a metathesis reaction).

In some embodiments, the metathesis reaction that pro-
duced the olefin metathesis product comprises the reaction of
two triglycerides present in a natural feedstock in the pres-
ence of a metathesis catalyst (self-metathesis), wherein each
triglyceride comprises at least one carbon-carbon double
bond, thereby forming a new mixture of olefins and esters that
in some embodiments comprises a triglyceride dimer. In
some embodiments, the triglyceride dimer comprises more
than one carbon-carbon double bond, such that higher oligo-
mers also can form. In some embodiments, the metathesis
reaction that produced the olefin metathesis product com-
prises the reaction of an olefin (e.g., a low-molecular weight
olefin) and a triglyceride in a natural feedstock that comprises
atleast one carbon-carbon double bond, thereby forming new
olefinic molecules as well as new ester molecules (cross-
metathesis).

In some embodiments, the residual metathesis catalyst
comprises a transition metal. In some embodiments, the
residual metathesis catalyst comprises ruthenium. In some
embodiments, the residual metathesis catalyst comprises rhe-
nium. In some embodiments, the residual metathesis catalyst
comprises tantalum. In some embodiments, the residual met-
athesis catalyst comprises nickel. In some embodiments, the
residual metathesis catalyst comprises tungsten. In some
embodiments, the residual metathesis catalyst comprises
molybdenum.
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In some embodiments, the residual metathesis catalyst
comprises a ruthenium carbene complex and/or an entity
derived from such a complex. In some embodiments, the
residual metathesis catalyst comprises a material selected
from the group consisting of a ruthenium vinylidene com-
plex, a ruthenium alkylidene complex, a ruthenium meth-
ylidene complex, a ruthenium benzylidene complex, and
combinations thereof, and/or an entity derived from any such
complex or combination of such complexes. In some embodi-
ments, the residual metathesis catalyst comprises a ruthenium
carbene complex comprising at least one tricyclohexylphos-
phine ligand and/or an entity derived from such a complex. In
some embodiments, the residual metathesis catalyst com-
prises a ruthenium carbene complex comprising at least two
tricyclohexylphosphine ligands [e.g., (PCy;),Cl,Ru—CH—
CH—C(CH,;),, etc.] and/or an entity derived from such a
complex. In some embodiments, the residual metathesis cata-
lyst comprises a ruthenium carbene complex comprising at
least one imidazolidine ligand and/or an entity derived from
such a complex. In some embodiments, the residual metathe-
sis catalyst comprises a ruthenium carbene complex compris-
ing an isopropyloxy group attached to a benzene ring and/or
an entity derived from such a complex.

In some embodiments, the residual metathesis catalyst
comprises a Grubbs-type olefin metathesis catalyst and/or an
entity derived therefrom. In some embodiments, the residual
metathesis catalyst comprises a first-generation Grubbs-type
olefin metathesis catalyst and/or an entity derived therefrom.
In some embodiments, the residual metathesis catalyst com-
prises a second-generation Grubbs-type olefin metathesis
catalyst and/or an entity derived therefrom. In some embodi-
ments, the residual metathesis catalyst comprises a first-gen-
eration Hoveda-Grubbs-type olefin metathesis catalyst and/
or an entity derived therefrom. In some embodiments, the
residual metathesis catalyst comprises a second-generation
Hoveda-Grubbs-type olefin metathesis catalyst and/or an
entity derived therefrom. In some embodiments, the residual
metathesis catalyst comprises one or a plurality of the ruthe-
nium carbene metathesis catalysts sold by Materia, Inc. of
Pasadena, Calif. and/or one or more entities derived from
such catalysts. Representative metathesis catalysts from
Materia, Inc. for use in accordance with the present teachings
include but are not limited to those sold under the following
product numbers as well as combinations thereof: productno.
C823 (CAS no. 172222-30-9), product no. C848 (CAS no.
246047-72-3), product no. C601 (CAS no. 203714-71-0),
product no. C627 (CAS no. 301224-40-8), product no. C571
(CASno. 927429-61-6), product no. C598 (CAS no. 802912-
44-3), product no. C793 (CAS no. 927429-60-5), product no.
C801 (CAS no. 194659-03-9), product no. C827 (CAS no.
253688-91-4), product no. C884 (CAS no. 900169-53-1),
productno. C833 (CASno. 1020085-61-3), productno. C859
(CAS no. 832146-68-6), product no. C711 (CAS no. 635679-
24-2), product no. C933 (CAS no. 373640-75-6).

Representative phosphorous oxo acids for use in accor-
dance with the present teachings include but are not limited to
those described in F. A. Cotton and G. Wilkinson’s Advanced
Inorganic Chemistry, Fifth Edition, New York: John Wiley &
Sons, 1988, pages 382-443. By way of illustration, represen-
tative phosphorous oxo acids include but are not limited to
phosphorous acid (H;PO,, aka “phosphonic acid”), phos-
phinic acid (H;PO,, aka “hypophosphorous acid), phospho-
ric acid (H;PO,, aka “orthophosphoric acid), pyrophosphoric
acid (H,P,0,), polyphosphoric acids, ultraphosphonic acid
(H,P,0, ), di- and polyacids of phosphorous in lower formal
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oxidation states that comprise P—H and/or P—P bonds, and
the like, and salts and anions thereof, and the like, and com-
binations thereof.

In some embodiments, the phosphorous oxo acid com-
prises a higher acid. In some embodiments, the higher acid
comprises phosphoric acid. In some embodiments, the ester
of'the phosphoric acid is selected from the group consisting of
mono-esters, di-esters, tri-esters, and combinations thereof.
In some embodiments, the ester of the phosphoric acid com-
prises a mono-ester. In some embodiments, the mono-ester of
phosphoric acid is not monophenyl phosphoester [ P(O)(OPh)
(OH),I.

In some embodiments, the phosphorous oxo acid com-
prises a lower acid. In some embodiments, the lower acid is
selected from the group consisting of phosphorous acid,
phosphinic acid, and a combination thereof. In some embodi-
ments, the phosphorous oxo acid comprises phosphorous
acid. In some embodiments, as shown in FIG. 1, the ester of
the phosphorous acid is selected from the group consisting of
mono-esters, di-esters, tri-esters, and combinations thereof.
In some embodiments, the ester of the phosphorous acid
comprises a tri-ester. In some embodiments, the isomeriza-
tion suppression agent comprises a phosphite ester. In some
embodiments, the phosphite ester comprises a structure
P(OR'R?R?),, wherein R', R? and R? are alike or different
and are each independently selected from the group consist-
ing of substituted or unsubstituted C,-C, 4 alkyl, substituted
or unsubstituted aryl, and combinations thereof, and wherein
covalent bonds may optionally exist between two or more of
R, R?, and R?, such that when two or more of R}, R?, and R?
are taken together, a bidentate or tridentate ligand to phos-
phorous is formed.

In some embodiments, the phosphite ester is selected from
the group consisting of aryl organophosphites, alkyl organo-
phosphites, aryl-alkyl mixed organophosphites, and combi-
nations thereof. In some embodiments, the phosphite ester
comprises one or a plurality of the high molecular weight
phosphites commercially available from Dover Chemical
Corporation of Dover, Ohio and/or Galata Chemicals of
Southbury, Conn. Representative phosphites from Dover
Chemical Corporation for use in accordance with the present
teachings include both liquids and solids, and include but are
not limited to those sold under the following product names as
well as combinations thereof: trisnonylphenyl phosphite
(DOVERPHOS® 4), trisnonylphenyl phosphite (+0.75% tri-
isopropanolamine) (DOVERPHOS® 4-HR), trisnonylphe-
nyl phosphite (+1.0% triisopropanolamine) (DOVER-
PHOS® 4-HR Plus), trisnonylphenyl phosphite containing
maximum residual nonylphenol of 0.1% (DOVERPHOS®
HIPURE 4), trisnonylphenyl phosphite (+0.75% triisopro-
panolamine) containing maximum residual nonylphenol of
0.1% (DOVERPHOS® HIPURE 4-HR), diphenyl phosphite
(DOVERPHOS® 213), triphenyl phosphite (DOVER-
PHOS® 10), phenyl diisodecyl phosphite (DOVERPHOS®
7), diphenyl isodecyl phosphite (DOVERPHOS® 8), diphe-
nyl isooctyl phosphite (DOVERPHOS® 9), tetraphenyl
dipropyleneglycol diphosphite (DOVERPHOS® 11), poly
(dipropyleneglycol) phenyl phosphite (DOVERPHOS® 12),
C,,-C, 5 alkyl bisphenol A phosphite (DOVERPHOS® 613),
C,, alkyl bisphenol A phosphite (DOVERPHOS® 675), trii-
sodecyl phosphite (DOVERPHOS® 6), tris(tridecyl) phos-
phite (DOVERPHOS® 49), trilauryl phosphite (DOVER-
PHOS®  53), tris(dipropylene glycol)  phosphite
(DOVERPHOS® 72), dioleyl hydrogen phosphite (DOVER-
PHOS® 253), tris(2,4-di-tert-butylphenyl) phosphite (DO-
VERPHOS® S-480), distearyl pentaerythritol diphosphite
(DOVERPHOS® S-680), distearyl pentaerythritol diphos-
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phite (+triisopropanolamine) (DOVERPHOS® S-682), bis
(2,4-dicumylphenyl) pentaerythritol diphosphite (DOVER-
PHOS® S-9228), and the like, and combinations thereof.
Representative phosphites from Galata Chemicals for use in
accordance with the present teachings include both liquids
and solids, and include but are not limited to those sold under
the following product names as well as combinations thereof:
tris (nonylphenyl) phosphite, diphenyl phosphite, triphenyl
phosphite, phenyl diisodecyl phosphite, diphenyl isodecyl
phosphite, dodecyl nonylphenol phosphite blend, triisodecyl
phosphite, triisotridecyl phosphite, 2-ethylhexyl diphenyl
phosphite, poly (dipropylene glycol) phenyl phosphite, tet-
raphenyl dipropyleneglycol diphosphite, trilauryl phosphite,
phenyl neopentylene glycol phosphite, heptakis (dipropyle-
neglycol) triphosphite, trilauryl trithio phosphite, diphenyl
tridecyl phosphite, tris (dipropyleneglycol) phosphite, poly
4.4 isopropylidenediphenol-C10 alcohol phosphite, 4,4' iso-
propylidenediphenol-C12-15 alcohol phosphite, and the like,
and combinations thereof.

In some embodiments, the derivative of the phosphorous
acid in which at least one P—H bond has been replaced by a
P—C bond comprises a phosphonic acid. In some embodi-
ments, the ester of the derivative is selected from the group
consisting of mono-esters, di-esters, and a combination
thereof. In some embodiments, the ester comprises a phos-
phonate. In some embodiments, the ester comprises one or a
plurality of the phosphonates commercially available from
Thermphos International BV (Vlissingen, The Netherlands)
and sold under the tradename DEQUEST. Representative
phosphonates from Thermphos foruse in accordance with the
present teachings include but are not limited to those sold
under the following product names as well as combinations
thereof: amino trimethylene phosphonic acid and salts
thereof (DEQUEST® 2000, DEQUEST® 2000EG,
DEQUEST® 2000LC, DEQUEST® 2006), 1-hydroxyeth-
ylidene-1,1-diphosphonic acid and salts thereof (DE-
QUEST® 2010, DEQUEST® 2010CS, DEQUEST®
2010LA, DEQUEST® 2010LC, DEQUEST® 2014,
DEQUEST® 2016, DEQUEST® 2016D, DEQUEST®
2016DG), DEQUEST® 2046, DEQUEST® 2047,
DEQUEST® 2047G, diethylenetriamine penta(methylene
phosphonic acid) and salts thereof (DEQUEST® 20608,
DEQUEST® 2066, DEQUEST® 2066A, DEQUEST®
2066C2), a proprietary polyamino phosphonic acid (DE-
QUEST® 2086), bis(hexamethylene triamine penta(methyl-
ene phosphonic acid)) and salts thereof (DEQUEST® 2090),
diethylene triamine penta(methylene phosphonic acid) and
salts thereof (DEQUEST® 4066), DEQUEST® 4266D,
DEQUEST® 6004, and the like, and combinations thereof.

In some embodiments, as shown in FIG. 2, the phospho-
rous oxo acid comprises phosphinic acid. In some embodi-
ments, the ester of the phosphinic acid is selected from the
group consisting of mono-esters, di-esters, and a combination
thereof. In some embodiments, the derivative of the phos-
phinic acid in which at least one P—H bond has been replaced
by a P—C bond comprises a phosphinous acid. In some
embodiments, the phosphinous acid is selected from the
group consisting of R'HP(O)OH, R*R*P(0)OH, and a com-
bination thereof, wherein R*, R?, and R? are alike or different
and are each independently selected from the group consist-
ing of substituted or unsubstituted C,-C,,, alkyl, substituted
or unsubstituted aryl, and combinations thereof, wherein a
covalent bond may exist between R* and R?, such that when
R? and R? are taken together, a bidentate ligand to phospho-
rous is formed. In some embodiments, the ester of the phos-
phinous acid comprises a structure selected from the group
consisting of R'HP(O)OR?, R*R*P(O)OR”, and a combina-
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tion thereof, wherein R', R?, R?, R* and R® are alike or
different and are each independently selected from the group
consisting of substituted or unsubstituted C, -C, ,, alkyl, sub-
stituted or unsubstituted aryl, and combinations thereof,
wherein a covalent bond may exist between R* and R?, such
that when R* and R? are taken together, a bidentate ligand to
phosphorous is formed, and wherein covalent bonds may
optionally exist between two or more of R*, R?, and R, such
that when two or more of R*, R*, and R® are taken together, a
bidentate or tridentate ligand to phosphorous is formed.

In some embodiments, the isomerization suppression
agent is attached to a solid support (e.g., silica gel) and com-
prises (i) a salt and/or an ester of a phosphorous oxo acid,
and/or (ii) a derivative of the phosphorous oxo acid in which
at least one P—H bond has been replaced by a P—C bond,
and/or (iii) a salt and/or an ester of the derivative. In some
embodiments, the solid support comprises one or more polar
functional groups. Representative solid supports for use in
accordance with the present teachings include but are not
limited to carbon, silica, silica-alumina, alumina, clay, mag-
nesium silicates (e.g., Magnesols), the synthetic silica adsor-
bent sold under the tradename TRISYL by W. R. Grace & Co.,
diatomaceous earth, and the like, and combinations thereof.

In some embodiments, the isomerization suppression
agent is added to a mixture in accordance with the present
teachings in a molar excess relative to the residual metathesis
catalyst. In some embodiments, the molar excess is at least
about 2 to 1. In some embodiments, the molar excess is at least
about 3 to 1. In some embodiments, the molar excess is at least
about 4 to 1. In some embodiments, the molar excess is at least
about 5to 1. In some embodiments, the molar excess is at least
about 10 to 1. In some embodiments, the molar excess is at
least about 15 to 1. In some embodiments, the molar excess is
at least about 20 to 1. In some embodiments, the molar excess
is at least about 25 to 1. In some embodiments, the molar
excess is at least about 30 to 1. In some embodiments, the
molar excess is at least about 35 to 1. In some embodiments,
the molar excess is at least about 40 to 1. In some embodi-
ments, the molar excess is at least about 45 to 1. In some
embodiments, the molar excess is at least about 50 to 1. In
some embodiments, the molar excess is at least about 55 to 1.
In some embodiments, the molar excess is at least about 60 to
1. In some embodiments, the molar excess is at least about 65
to 1. In some embodiments, the molar excess is at least about
70 to 1. In some embodiments, the molar excess is at least
about 75 to 1. In some embodiments, the molar excess is at
least about 80 to 1. In some embodiments, the molar excess is
at least about 85 to 1. In some embodiments, the molar excess
is at least about 90 to 1. In some embodiments, the molar
excess is at least about 95 to 1. In some embodiments, the
molar excess is at least about 100 to 1.

While neither desiring to be bound by any particular theory
nor intending to limit in any measure the scope of the
appended claims or their equivalents, it is presently believed
that as the organic solubility of an isomerization suppression
agent in accordance with the present teachings increases, the
molar excess of isomerization suppression agent to residual
metathesis catalyst may decrease without substantially
diminishing the efficacy of isomerization suppression. More-
over, while neither desiring to be bound by any particular
theory nor intending to limit in any measure the scope of the
appended claims or their equivalents, it is presently believed
that when high shear mixing is employed, the molar excess of
isomerization suppression agent to residual metathesis cata-
lyst may decrease without substantially diminishing the effi-
cacy of isomerization suppression.



US 9,133,416 B2

15

In some embodiments, the conditions under which an
isomerization suppression agent in accordance with the
present teachings is added to a mixture that comprises an
olefin metathesis product and residual metathesis catalyst
comprise mixing. In some embodiments, the mixing com-
prises high shear mixing (e.g., mixing of a type sufficient to
disperse and/or transport at least a portion of a first phase
and/or chemical species into a second phase with which the
first phase and/or a chemical species would normally be at
least partly immiscible).

In some embodiments, the conditions under which an
isomerization suppression agent in accordance with the
present teachings is added to a mixture that comprises an
olefin metathesis product and residual metathesis catalyst
comprise heating. The present teachings are in no way
restricted to any particular heating temperature or range of
temperatures. However, for purposes of illustration, in some
embodiments, the conditions under which an isomerization
suppression agent in accordance with the present teachings is
added to a mixture that comprises an olefin metathesis prod-
uct and residual metathesis catalyst comprise a heating tem-
perature of about 40° C. or higher. In some embodiments, the
heating comprises a temperature of about 50° C. or higher. In
some embodiments, the heating comprises a temperature of
about 60° C. or higher. In some embodiments, the heating
comprises a temperature of about 70° C. or higher. In some
embodiments, the heating comprises a temperature of about
80° C. or higher. In some embodiments, the heating com-
prises a temperature of about 90° C. or higher.

The present teachings are in no way restricted to any par-
ticular duration of residence time. However, for purposes of
illustration, in some embodiments, the conditions under
which an isomerization suppression agent in accordance with
the present teachings is added to a mixture that comprises an
olefin metathesis product and residual metathesis catalyst
comprise a residence time of at least about 1 minute. In some
embodiments, the conditions comprise a residence time of at
least about 2 minutes. In some embodiments, the conditions
comprise a residence time of at least about 3 minutes. In some
embodiments, the conditions comprise a residence time of at
least about 4 minutes. In some embodiments, the conditions
comprise a residence time of at least about 5 minutes. In some
embodiments, the conditions comprise a residence time of at
least about 10 minutes. In some embodiments, the conditions
comprise a residence time of at least about 15 minutes. In
some embodiments, the conditions comprise a residence time
of at least about 20 minutes. In some embodiments, the con-
ditions comprise a residence time of at least about 25 minutes.
In some embodiments, the conditions comprise a residence
time of at least about 30 minutes. In some embodiments, the
conditions comprise a residence time of at least about 35
minutes. In some embodiments, the conditions comprise a
residence time of at least about 40 minutes. In some embodi-
ments, the conditions comprise a residence time of at least
about 45 minutes. In some embodiments, the conditions com-
prise a residence time of at least about 50 minutes. In some
embodiments, the conditions comprise a residence time of at
least about 55 minutes. In some embodiments, the conditions
comprise a residence time of at least about 60 minutes. In
some embodiments, the conditions comprise a residence time
of one or more hours.

In some embodiments, the conditions under which an
isomerization suppression agent in accordance with the
present teachings is added to a mixture that comprises an
olefin metathesis product and residual metathesis catalyst
comprise mixing, heating, and/or a residence time of at least
about 2 minutes.
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As presently contemplated, the addition of an isomeriza-
tion suppression agent to a mixture that comprises an olefin
metathesis product and residual metathesis catalyst in accor-
dance with the present teachings can be practiced whenever it
is desirable to prevent isomerization of an olefin metathesis
product—particularly though not exclusively potentially
labile olefin products, such as terminal olefins—during any
subsequent handling and/or processing including but not lim-
ited to heating, distillation, photolytic exposure, exposure to
oxidants, and the like, and combinations thereof.

In some embodiments, methods for suppressing isomeriza-
tion of an olefin metathesis product in accordance with the
present teachings can be used in combination with metathe-
sis-based methods for refining natural oil feedstocks. Repre-
sentative metathesis-based methods for refining natural oil
feedstocks include but are not limited to those described in
United States Patent Application Publication No. 2011/
0113679 Al, assigned to the assignee of the present inven-
tion.

By way of non-limiting example, in reference to FIG. 1 of
United States Patent Application Publication No. 2011/
0113679 Al, methods for suppressing isomerization of an
olefin metathesis product in accordance with the present
teachings can be implemented prior to introducing the met-
athesized product 22 to the separation unit 30 (e.g., a distil-
lation column) and/or at one or more additional stages in the
process. By way of further non-limiting example, in reference
to FIG. 2 of United States Patent Application Publication No.
2011/0113679 A1, methods for suppressing isomerization of
an olefin metathesis product in accordance with the present
teachings can be implemented prior to introducing the met-
athesized product 122 to the separation unit 130 and/or the
hydrogenation unit 125 and/or at one or more additional
stages in the process. Moreover, in some embodiments, when
the isomerization suppression agent has sufficient thermal
stability (e.g., a phosphite ester having a sufficiently high
molecular weight), the isomerization suppression agent can
be left in the mixture comprising the olefin metathesis prod-
uct and carried along for further processing (e.g., to the sepa-
ration units 30 and/or 130 shown, respectively, in FIGS. 1 and
2 of United States Patent Application Publication No. 2011/
0113679 A1 and/or to one or more additional units in these or
analogous systems).

In some embodiments, as shown in FIG. 3, methods for
suppressing isomerization of an olefin metathesis product in
accordance with the present teachings may optionally further
comprise a polar solvent wash—in other words, extracting
the mixture to which an isomerization suppression agent has
been added with a polar solvent. However, as described
above, in some embodiments it may not be possible, neces-
sary, and/or desirable to remove an isomerization suppression
agent in accordance with the present teachings via extraction
with a polar solvent prior to further processing, which insome
embodiments includes but is not limited to processing involv-
ing heating.

In some embodiments, the metathesis mixture (e.g., a neat
mixture that comprises, in some embodiments, natural oil,
residual metathesis catalyst, olefin metathesis product and,
optionally, low-molecular-weight olefin) is substantially
immiscible with the polar solvent, such that two layers are
formed. For the sake of convenience, these immiscible layers
are described herein as being “aqueous” and “organic”
although, in some embodiments, the so-called aqueous layer
may be comprised of a polar solvent other than or in addition
to water. In some embodiments, the polar solvent extraction
(e.g., washing with water) can serve to remove at least a
portion of the isomerization suppression agent—particularly
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though not exclusively when the isomerization suppression
agent is at least partially hydrolyzable (e.g., in some embodi-
ments, a phosphite ester having a low molecular weight,
including but not limited to trimethyl phosphite, triethyl
phosphite, and a combination thereof)—which, in some
embodiments, can result in the conversion of an isomerization
suppression agent in accordance with the present teachings
(e.g., an ester of a phosphorous oxo acid) into a corresponding
acid.

In some embodiments, when extraction with a polar sol-
vent is desired, the extracting comprises high shear mixing
although such mixing, in some embodiments, may contribute
to undesirable emulsion formation. In some embodiments,
the extracting comprises low-intensity mixing (e.g., stirring
that is not high shear). The present teachings are in no way
restricted to any particular type or duration of mixing. How-
ever, for purposes of illustration, in some embodiments, the
extracting comprises mixing the polar solvent and the mixture
together for at least about 1 minute. In some embodiments,
the mixture and the polar solvent are mixed together for at
least about 2 minutes, in some embodiments for at least about
5 minutes, in some embodiments for at least about 10 min-
utes, in some embodiments for at least about 15 minutes, in
some embodiments for at least about 20 minutes, in some
embodiments for at least about 25 minutes, in some embodi-
ments for at least about 30 minutes, in some embodiments for
at least about 35 minutes, in some embodiments for at least
about 40 minutes, in some embodiments for at least about 45
minutes, in some embodiments for at least about 50 minutes,
in some embodiments for at least about 55 minutes, and in
some embodiments for at least about 60 minutes.

When extraction with a polar solvent is desired, the present
teachings are in no way restricted to any particular amount of
polar solvent added to the mixture for the extracting. How-
ever, for purposes of illustration, in some embodiments, the
amount by weight of polar solvent (e.g., water) added to the
mixture for the extracting is more than the weight of the
mixture. In some embodiments, the amount by weight of
polar solvent (e.g., water) added to the mixture for the extract-
ing is less than the weight of the mixture. In some embodi-
ments, the weight ratio of the mixture to the water added to the
mixture is at least about 1:1, in some embodiments at least
about 2:1, in some embodiments at least about 3:1, in some
embodiments at least about 4:1, in some embodiments at least
about 5:1, in some embodiments at least about 6:1, in some
embodiments at least about 7:1, in some embodiments at least
about 8:1, in some embodiments at least about 9:1, and in
some embodiments at least about 10:1.

In some embodiments, when extraction with a polar sol-
vent is desired, methods for suppressing isomerization of an
olefin metathesis product in accordance with the present
teachings further comprise allowing a settling period follow-
ing the polar solvent wash to promote phase separation. The
present teachings are in no way restricted to any particular
duration of settling period. However, for purposes of illustra-
tion, in some embodiments, the settling period is at least about
1 minute. In some embodiments, the settling period is at least
about 2 minutes. In some embodiments, the settling period is
at least about 5 minutes. In some embodiments, the settling
period is at least about 10 minutes. In some embodiments, the
settling period is at least about 15 minutes.

In some embodiments, when extraction with a polar sol-
vent is desired, methods for suppressing isomerization of an
olefin metathesis product in accordance with the present
teachings optionally further comprise separating an organic
phase from an aqueous phase, as shown in FIG. 3. In some
embodiments, particularly though not exclusively when the
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isomerization suppression agent is at least partially hydrolys-
able, a majority of the isomerization suppression agent is
distributed in the aqueous phase. In some embodiments, a
majority of the olefin metathesis product is distributed in the
organic phase. In some embodiments, a majority of the
isomerization suppression agent is distributed in the aqueous
phase and a majority of the olefin metathesis product is dis-
tributed in the organic phase.

In some embodiments, when extraction with a polar sol-
vent is desired, such that an organic phase is separated from
an aqueous phase, and when the residual metathesis catalyst
in the mixture comprises ruthenium, a majority of the ruthe-
nium is carried into an organic phase and a minority of the
ruthenium is distributed in an aqueous phase. In some
embodiments, at least about 51% of the ruthenium is
extracted into an organic phase. In some embodiments, at
least about 60% of the ruthenium is extracted into an organic
phase. In some embodiments, at least about 65% of the ruthe-
nium is extracted into an organic phase. In some embodi-
ments, at least about 70% of'the ruthenium is extracted into an
organic phase. In some embodiments, at least about 75% of
the ruthenium is extracted into an organic phase. In some
embodiments, at least about 80% of the ruthenium is
extracted into an organic phase. In some embodiments, at
least about 85% of the ruthenium is extracted into an organic
phase. In some embodiments, at least about 90% of the ruthe-
nium is extracted into an organic phase.

In some embodiments, it is observed that removing excess
isomerization suppression agent from a cross-metathesized
oil by washing with water can be accompanied by a loss in the
overall efficacy of isomerization suppression. While neither
desiring to be bound by any particular theory nor intending to
limit in any measure the scope of the appended claims or their
equivalents, it is presently believed that the reduction in
isomerization suppression sometimes observed after a water
wash is merely an artifact of handling. Moreover, it is pres-
ently believed that the effect can be mitigated and/or elimi-
nated by using slightly different experimental conditions
including but not limited to using higher concentrations of
isomerization suppression agent, handling the material
obtained from the suppression treatment under an inert atmo-
sphere (e.g., nitrogen), and/or the like.

In some embodiments, as shown in FIG. 3, a method in
accordance with the present teachings for suppressing
isomerization of an olefin metathesis product produced in a
metathesis reaction comprises: (a) adding an isomerization
suppression agent to a mixture that comprises the olefin met-
athesis product and residual metathesis catalyst from the met-
athesis reaction under conditions that are sufficient to passi-
vate at least a portion of the residual metathesis catalyst; and
(b) processing the mixture to provide a fraction that com-
prises the olefin metathesis product and/or a derivative
thereof, wherein the isomerization suppression agent is not
removed from the mixture prior to the processing. The
isomerization suppression agent comprises (i) a salt and/or an
ester of a phosphorous oxo acid, and/or (ii) a derivative of the
phosphorous oxo acid in which at least one P—H bond has
been replaced by a P—C bond, and/or (iii) a salt and/or an
ester of the derivative. In some embodiments, the ester of a
phosphorous oxo acid is substantially water-insoluble. In
some embodiments, the residual metathesis catalyst com-
prises ruthenium. In some embodiments, the fraction that
comprises the olefin metathesis product and/or a derivative
thereof is comprised primarily thereof (e.g., the olefin met-
athesis product and/or the derivative thereof account for at
least about 51 wt % of the fraction, in some embodiments at
least about 65 wt %, in some embodiments at least about 70 wt



US 9,133,416 B2

19

%, in some embodiments at least about 75 wt %, in some
embodiments at least about 80 wt %, in some embodiments at
least about 85 wt %, in some embodiments at least about 90 wt
%, and in some embodiments at least about 95 wt %.

In some embodiments, the processing of the mixture com-
prises heating. In some embodiments, the processing of the
mixture comprises heating to a temperature of at least about
100° C., in some embodiments at least about 125° C., in some
embodiments at least about 150° C., in some embodiments at
least about 175° C., in some embodiments at least about 200°
C., in some embodiments at least about 225° C., and in some
embodiments at least about 250° C. In some embodiments,
the processing comprises distillation. In some embodiments,
the processing comprises transesterification. In some
embodiments, the processing comprises distillation and
transesterification.

In some embodiments—particularly though not exclu-
sively those involving metathesis-based methods for refining
natural oil feedstocks—methods for suppressing isomeriza-
tion of an olefin metathesis product in accordance with the
present teachings further comprise separating the olefin met-
athesis product into a metathesized triacylglyceride (m-TAG)
fraction and an olefinic fraction, as shown in FIG. 3. A major-
ity of the triacylglyceride fraction is comprised by molecules
comprising one or more carbon-carbon double bonds and,
optionally, one or more additional functional groups, whereas
a majority of the olefinic fraction is comprised by molecules
comprising one or more unsaturated carbon-carbon bonds
and no additional functional groups.

In some embodiments—particularly though not exclu-
sively those involving metathesis-based methods for refining
natural oil feedstocks—methods for suppressing isomeriza-
tion of an olefin metathesis product in accordance with the
present teachings further comprise transesterifying the tria-
cylglyceride fraction to produce one or a plurality of transes-
terification products, as shown in FIG. 3. In some embodi-
ments, the transesterification products comprise fatty acid
methyl esters (FAMEs). In some embodiments—particularly
though not exclusively those involving metathesis-based
methods for refining natural oil feedstocks—methods for
suppressing isomerization of an olefin metathesis product in
accordance with the present teachings further comprise sepa-
rating the transesterification products from a glycerol-con-
taining phase, as shown in FIG. 3.

In some embodiments—particularly though not exclu-
sively those involving metathesis-based methods for refining
natural oil feedstocks—methods for suppressing isomeriza-
tion of an olefin metathesis product in accordance with the
present teachings further comprise separating the olefin met-
athesis product into a triacylglyceride fraction and an olefinic
fraction, transesterifying the triacylglyceride fraction to pro-
duce one or a plurality of transesterification products (e.g.,
FAMEs), and separating the transesterification products from
a glycerol-containing phase, as shown in FIG. 3. In some
embodiments, the residual metathesis catalyst in the mixture
comprises ruthenium. In some embodiments, a majority of
the ruthenium is distributed between the glycerol-containing
phase and the transesterification products.

In some embodiments, a method of refining a natural oil in
accordance with the present teachings comprises (a) provid-
ing a feedstock comprising a natural oil; (b) reacting the
feedstock in the presence of a metathesis catalyst to form a
metathesized product comprising an olefin and an ester; (c)
passivating the metathesis catalyst with an agent selected
from the group consisting of (i) a salt and/or an ester of a
phosphorous oxo acid, (ii) a derivative of the phosphorous
oxo acid in which at least one P—H bond has been replaced
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by a P—C bond, (iii) a salt and/or an ester of the derivative,
and (iv) combinations thereof; (d) separating the olefin in the
metathesized product from the ester in the metathesized prod-
uct; and (e) transesterifying the ester in the presence of an
alcohol to form a transesterified product and/or hydrogenat-
ing the olefin to form a fully or partially saturated hydroge-
nated product.

As noted above, the use of THMP as an isomerization
suppressor—particularly on an industrial scale—is problem-
atic in view of its commercial availability and pricing, the fact
that a carcinogenic byproduct, formaldehyde, typically
accompanies its preparation, and the potential that exists to
generate explosive H, gas if conditions become too basic. In
addition to these drawbacks, the present inventors have found
that when THMP (as opposed to an isomerization suppres-
sion agent in accordance with the present teachings) is used
for the suppression of olefin isomerization—particularly
when the amount of residual metathesis catalyst is low (e.g.,
in some embodiments less than about 1000 ppm, in some
embodiments less than about 500 ppm, in some embodiments
less than about 250 ppm, and in some embodiments less than
about 100 ppm)—reclamation of transition metal from the
residual metathesis catalyst can be complicated by the distri-
bution of the transition metal (e.g., ruthenium) between mul-
tiple phases with no appreciable concentration or conver-
gence of the transition metal into any one phase. By way of
example, when THMP is used as an isomerization suppres-
sion agent in a metathesis-based method for refining a natural
oil feedstock, such as described above, it is found that ruthe-
nium is broadly distributed between a water wash stream on
the one hand and a glycerol-containing phase and transesteri-
fication products on the other. In some studies, about 50% of
the total ruthenium was carried into a water wash stream with
the remaining Ru being distributed between a glycerol-con-
taining phase and the transesterification products. While nei-
ther desiring to be bound by any particular theory nor intend-
ing to limit in any measure the scope of the appended claims
or their equivalents, it is presently observed that the difficulty
in concentrating a majority of the transition metal into a
particular stream when THMP is used as the isomerization
suppression agent arises primarily when the amount of ruthe-
nium to be recovered is small (e.g., about 1 wt % or less). By
contrast, when a large amount of ruthenium is involved (e.g.,
about 1 wt % or more) and THMP is used as the isomerization
suppression agent, a majority of the ruthenium can be suc-
cessfully concentrated into an aqueous phase and removed.

In some embodiments, for purposes of simplifying the
metal reclamation process, it would be desirable if the metal
to be reclaimed (e.g., in some embodiments, ruthenium) were
concentrated primarily in one phase and, in some embodi-
ments, if that phase were located downstream in the overall
process. Thus, for embodiments in which the isomerization
suppression agent has sufficient thermal stability (e.g., a
phosphite ester having a sufficiently high molecular weight),
such that it can be left in the mixture comprising the olefin
metathesis product and carried along for further processing at
high temperatures (e.g., 250° C.), a method in accordance
with the present teachings provides a further advantage with
respect to the use of THMP inasmuch as no aqueous wash is
required up front in the process, and the catalyst metal can be
more easily concentrated in and recovered from various bot-
tom fractions downstream in the process.

Moreover, thermally stable isomerization suppression
agents in accordance with the present teachings have reduced
tendency to decompose into lower molecular weight phos-
phorus-containing compounds (e.g., phosphine, etc.) which
could potentially contaminate the metathesis products. In
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addition, whereas it is oftentimes desirable to wash a suppres-
sant such as THMP out of a metathesis mixture prior to
subjecting the mixture to distillation and/or other high-tem-
perature processing in order to avoid introducing the suppres-
sant into hot areas of the process wherein decomposition
and/or resultant product and/or recycle stream contamination
can occur, the more thermally and hydrolytically stable
isomerization suppression agents described herein can be
carried through without water washing, which greatly sim-
plifies metathesis-based methods for refining natural oil feed-
stocks by eliminating the need for (i) a water wash (mixing),
(ii) separation (decanter), and (iii) recovery (evaporator).

The following examples and representative procedures
illustrate features in accordance with the present teachings,
and are provided solely by way of illustration. They are not
intended to limit the scope of the appended claims or their
equivalents.

EXAMPLES

Materials and Methods

Unless otherwise indicated, all chemicals were used as
received and without drying. Palm oil was obtained from
Wilmar International Limited. Kirkland soybean oil was pur-
chased from retail sources. 1-Octene was purchased from
Sigma Aldrich. C827 ruthenium catalyst was obtained from
Materia, Inc. Trilauryl phosphite (DOVERPHOS® 53), tris-
nonyl phenyl phosphite (DOVERPHOS® 4), dioleyl hydro-
gen phosphite (DOVERPHOS® 253), and triisodecyl phos-
phite (DOVERPHOS® 6) were supplied by Dover Chemical
Corporation. TNPP (along with other phosphites) was also
supplied by Galata Chemicals. Diethyl phosphite was pur-
chased from Aldrich (98% pure). Trimethyl phosphite was
purchased from Aldrich (99+% pure). DEQUEST 0539 and
DEQUEST 0520 were obtained from Thermphos Interna-
tional BV.

Unless otherwise specified, all isomerization results were
derived from a small scale isomerization (SSI) unit as
described below. By way of illustration, taking the amount of
terminal-to-internal migration as a representative and non-
limiting example, the degree of isomerization can be calcu-
lated by first obtaining the quotient of (i) the amount of
internal isomers as represented, for example, by the areas
under gas chromatograpy (GC) peaks corresponding to these
internal isomers to (ii) the total amount of all isomers—both
terminal and internal—as represented, for example, by the
areas under the GC peaks corresponding to these isomers, and
then multiplying this quotient by 100. Analogous calculations
can be performed to determine the amount of internal-to-
terminal migration and/or the amount of internal-to-internal
migrations.

Example 1
Small Scale Isomerization (SSI) Studies

Metathesized samples were heated to 250° C. for one hour
under nitrogen after suppression treatment. Duplicates runs
were conducted on both the sample to be tested as well as a
control sample which had not been treated. Degree of isomer-
ization was determined by taking the total of isomers of
methyl 9-decenoate divided by the total amount of methyl
decenoate multiplied by 100.

The small scale isomerization unit includes a cylindrical
aluminum block having several holes (e.g., six to eight)
drilled therein. The aluminum block is placed on a hot plate
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and heated to the requisite temperature. Small amounts (typi-
cally several grams) of metathesis product are placed in glass
tubes, which are then fitted with plastic heads providing an
opening for a slight positive pressure of nitrogen to be present
above the mixture. After purging the samples for 30 minutes
under nitrogen, the mixtures are heated to 250° C. (with or
without stirring) for one hour by placing the glass tubes in the
opening of the aluminum block. The resulting triacylglycer-
ides (TAGs) are then transesterified with methanol and base
and the resulting FAMEs are analyzed by GC. In some
embodiments, methyl 9-decenoate is measured vis-a-vis the
amount of its internal isomers (if any).

Example 2
Preparation of a Cross-Metathesized Olefin Product

Octenylized palm oil was prepared as follows. At a 3:1
molar ratio, 1-octene (33.33 g) was added to palm oil (50 g)
having a peroxide value below 2.0 (which can be obtained,
typically, by heating the oil to approximately 200° C. under a
N, sparge to thermally decompose peroxides). As used
herein, the mole ratio of cross agent (e.g., 1-octene) to oil
relates to the molar ratio of double bond content. In the oil, the
double bond content is calculated from the relative ratio of the
key fatty acids present (each with its own olefin content), all
of which can be readily determined by gas chromatography
after transesterification. Thus, in this example, a 3:1 mole
ratio refers to having a 3:1 ratio of cross agent double bonds
to the total double bonds of the oil. The resultant material was
heated with stirring to 60° C. with nitrogen sparging for 30-45
minutes. Once oxygen has been removed, the nitrogen line
was pulled up out of the oil into the headspace. The C827
catalyst (2.75 mg, approximately 55 ppm loading) was then
added. The reaction was run for two hours with periodic
sampling of the oil to determine the extent of conversion of
the reaction.

Example 3
Phosphite Ester as Isomerization Suppression Agent

To 25 grams of cross-metathesized palm oil (3:1 octenyl-
ized at a loading of 55 ppm C827) was added an approxi-
mately 20-fold molar excess of DOVERPHOS® 53 (molar in
relation to the amount of C827 present). This 20-fold molar
excess relates to the amount of suppression agent added com-
pared directly to the amount (moles) of catalyst present. The
addition did not result in any observable separation, which
suggested that the added phosphite was soluble in the oil. The
mixture was then heated to 90° C. for one hour with stirring.
The level of isomerization in the absence of any suppression
agent was measured at 5.0% and 5.8% (duplicate runs) using
a small scale isomerization (SSI) unit run at 250° C. for one
hour. A portion of the suppressed sample was treated with
water (approx 4:1 oil:water) and then separated. Both the
water-washed and unwashed samples were tested for sup-
pression.

Samples that were taken after the one-hour suppression
reaction exhibited levels of isomerization of 0.1% and 0.2%
(duplicate runs) after being run in the SSI unit. The water-
washed samples exhibited similarly low levels of suppression
(0.3% and 0.2%).

Example 4
Phosphite Ester as Isomerization Suppression Agent

A larger-scale reaction analogous to that described in
Example 3 above was run using DOVERPHOS® 53 at a
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20-fold molar excess over catalyst. A cross-metathesized
palm oil (175 grams, 3:1 octenylized at a loading of 55 ppm
(C827) was added to a 500-mL three-necked, round-bottomed
flask fitted with a nitrogen inlet/outlet and a distillation head.
The sample was heated and stirred to 90° C. under nitrogen.
At temperature, DOVERPHOS® 53 (107.5 microliters) was
added to the mixture. The mixture was then heated for one
hour at temperature. The heating was then increased to a point
where the internal oil temperature was 250° C. A sample was
taken at this “zero time” and the flask was then heated under
these conditions (with the light olefins distilling) for two
hours. Additional samples were taken at 80 and 120 minutes.
The samples were all transesterified and then run for isomer-
ization level by GC. The analysis showed that all of the
samples (0, 80, and 120 minutes) had isomerization levels
less that 0.4 wt %. Typical levels of isomerization of the
non-suppressed material under similar conditions were
30+%.

Example 5
Phosphite Ester as Isomerization Suppression Agent

It was found that lowering the overall amount of phosphite
(e.g., from a 20-fold molar excess to a 10-fold molar excess)
still resulted in good isomerization suppression but at levels
somewhat higher than reported in the above examples (e.g.,
typically up to 1%). A cross-metathesized palm oil (25 grams,
3:1 octenylized) was heated to 90° C. under nitrogen. At
approximately 80° C., a 1:1 mixture by weight of DOVER-
PHOS® 4 in toluene (20 microliters) was added. The toluene
was added to cut the overall viscosity of the phosphite being
used. After 15 minutes, a sample was taken for SSI testing. A
second sample was taken after one hour. Both samples
showed significant suppression of isomerization. The results
are summarized in Table 1 below.

This example demonstrates the concept that prior dissolu-
tion of the isomerization suppression agent can be performed
(e.g., by dissolving a phosphite ester in a solvent) and, in
some embodiments, may be desirable (e.g., to cut the overall
viscosity, better solubilize the phosphite ester, etc).

In this experiment, it was also noted that a reduction in
reaction time from 60 minutes of treatment at 90° C. to only
15 minutes gave similar isomerization suppression results.
Thus, while neither desiring to be bound by any particular
theory nor intending to limit in any measure the scope of the
appended claims or their equivalents, it is presently believed
that increased solubility in organic systems of an isomeriza-
tion suppression agent in accordance with the present teach-
ings can result in shorter residence times and/or lower reac-
tion temperatures without substantially affecting the efficacy
of isomerization suppression.

Example 6

Low Molecular Weight Phosphite Ester as
Isomerization Suppression Agent

A cross-metathesized palm oil (15.1 grams, 1:1 octenyl-
ized) was sparged with N, for 45 minutes. At this time, trim-
ethyl phosphite (60 microliters) was added to the reaction
mixture. The mixture was heated with stirring for one hour at
90° C. The isomerization level of this material after reaction
in the SSI unit (one hour at 250° C.) was 0.4%. The non-
suppressed control was found to undergo 25.9% isomeriza-
tion when run in SSI, as shown in Table 1 below.
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Example 7

Phosphonate as Isomerization Suppression Agent

To 20 grams of a cross-metathesized palm oil (3:1 octenyl-
ized) was added DEQUEST® 539 (80 microliters, further
diluted from the active ingredient to approximately 1 M),
which represented an approximately 100-fold ratio of the
phosphonate to the catalyst. The mixture was heated for one
hour under nitrogen at 90° C. A sample was then taken for SSI
testing. The material was then water washed and another
sample was taken of the washed material for SSI. The sample
having no water washing showed an isomerization level of
2.0%/2.5% (duplicate runs) versus the unsuppressed sample
(40.3% isomerization), as shown by the data in Table 1 below.
The water-washed sample gave isomerization levels of 7.6%/
7.8% (duplicate runs), which is still lower than the control but
not as efficacious as leaving the phosphonates in the metathe-
sized material.

Example 8

Susceptibility of Isomerization Suppression Agent to
Distillation

To determine whether an isomerization suppression agent
in accordance with the present teachings would distill under
typical natural oil refining conditions (e.g., 250° C., 15 mm),
DOVERPHOS® 6 (30 g) was charged to a 100-mL, three-
necked, round-bottomed flask fitted with a - KEM® tempera-
ture controller probe and a simple distillation head. The pot
temperature was set to 275° C. at areduced pressure of 10 mm
Hg. No change in overhead temperature was detected at a pot
temperature of 255° C. At a pot temperature of 264° C., the
overhead temperature rose over time to 210° C. but no liquid
distillate was observed. Reducing the vacuum to 5 mm Hg
resulted in a small amount of liquid overhead (215° C. over-
head). At2 mm Hg, a small amount of overhead was collected
(242° C. bottoms and 222° C. overhead). A total of 1.5 grams
was collected (5% of charge).

Running the same experiment with DOVERPHOS® 4
resulted in no overhead product at a bottoms temperature of
280° C. and a reduced pressure of 2 mm Hg (160° C. over-
head). While neither desiring to be bound by any particular
theory nor intending to limit in any measure the scope of the
appended claims or their equivalents, it is presently believed
that heavier phosphite esters (e.g., one or more of the phos-
phites described above) will likely be stable under typical
distillation conditions such as may be encountered in refining
natural oils and, therefore, that these materials are not likely
to contaminate distallates. This represents a significant
advantage over the use of lower molecular weight materials
that can decompose and/or co-distill with products under
typical refining conditions.

Example 9

Susceptibility of Isomerization Suppression Agent to
Transesterification Conditions

Five different DOVERPHOS® materials were subjected to
transesterification conditions (e.g., methoxide/methanol for
one hour at 60° C.) in order to assess their susceptibility to
transesterification conditions (e.g., such as might be
employed for transesterifying a triacylglyceride fraction to
produce one or a plurality of transesterification products, as
shown in FIG. 3 and as described above). Two of the five
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materials cleared up during the reaction (i.e., became
monophasic) with DOVERPHOS® 4 apparently having
reacted and DOVERPHOS® 253 apparently not having
reacted to any significant degree.

Three of the five materials—DOVERPHOS® 53,
DOVERPHOS® 6, and DOVERPHOS® 613—did not clear
up and remained biphasic. Analysis by GC-MS suggests that
a reaction may have occurred although the extent was not
quantified. Accordingly, while neither desiring to be bound
by any particular theory nor intending to limit in any measure
the scope of the appended claims or their equivalents, it is
presently believed that in some embodiments, these isomer-
ization suppression agents would emerge in the FAME frac-
tion shown in FIG. 3. Moreover, while neither desiring to be
bound by any particular theory nor intending to limit in any
measure the scope of the appended claims or their equiva-
lents, it is presently believed that if reaction occurs (such as is
apparently the case with DOVERPHOS® 4), some of the
reaction products could also end up in the glycerol phase.

Thus, the choice of isomerization suppression agent may
be guided by a consideration of the desired ultimate destina-
tion for the agent within a particular process scheme. For
example, in some embodiments, it is desirable to select an
isomerization suppression agent that does not end up con-
taminating a desired product stream. In some embodiments—
particularly though not exclusively those involving metathe-
sis-based methods for refining natural oil feedstocks, as
shown in FIG. 3—it is desirable to isolate the olefins formed
in the metathesis reaction without contamination from the
isomerization suppression agent (e.g., a phosphite ester). In
some embodiments, as shown in FIG. 3, subsequent transes-
terification of the triacylglyceride fraction can provide one or
aplurality of transesterification products (e.g., FAMEs and/or
other esters) that are substantially devoid of phosphorus con-
tamination as a consequence of the phosphite ester remaining
in the distillation bottoms (i.e., not being transesterified) or
being hydrolyzed.

TABLE 1

ISOMERIZATION SUPPRESSION RESULTS OF
PHOSPHOROUS OXO ACID ESTERS

Isom.
Molar (Control-
Excess non-
Phosphorus over Isom. suppressed
Esters Catalyst (duplicates) run) Comments
DOVERPHOS ® 10 0.9, 1.0 30.6 (lowest  Pretreatment
53 (1 hr) level of was for one
isom) hour at 60° C.
DOVERPHOS ® 10 1.1,0.8 22.7,28.3 As above
4
(trisnonylphenyl
phosphite,
TNPP)
Galata TNPP 10 0.3,0.5 6.5, 8.5 Change in
TNPP provider
and in the
Cross-
metathesized
oil used
Galata TNPP 3 0.7t0 3.5 15.9,14.9 Shear mixing
(four runs) employed
Trimethyl 100 0.4 259 Direct addition
Phosphite to SSI
Diethyl 100 0.5 224 Direct addition
Phosphite to SSI
DEQUEST ® 100 2.0,2.5 40.3 Mixture of
539 phosphonate
esters
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The entire contents of each of U.S. Pat. No. 6,215,019 B1,
United States Patent Application Publication No. 2011/
0113679 Al, International Patent Publication No. WO
01/36368, and Chapter 11 of Advanced Inorganic Chemistry,
Fifih Edition (pages 382-443) cited above are hereby incor-
porated herein by reference, except that in the event of any
inconsistent disclosure or definition from the present specifi-
cation, the disclosure or definition herein shall be deemed to
prevail.

The foregoing detailed description and accompanying
drawings have been provided by way of explanation and
illustration, and are not intended to limit the scope of the
appended claims. Many variations in the presently preferred
embodiments illustrated herein will be apparent to one of
ordinary skill in the art, and remain within the scope of the
appended claims and their equivalents

It is to be understood that the elements and features recited
in the appended claims may be combined in different ways to
produce new claims that likewise fall within the scope of the
present invention. Thus, whereas the dependent claims
appended below may depend from only a single independent
ordependent claim, it is to be understood that these dependent
claims can, alternatively, be made to depend in the alternative
from any preceding claim—whether independent or depen-
dent—and that such new combinations are to be understood
as forming a part of the present specification.

The invention claimed is:

1. A method for suppressing isomerization of an olefin
metathesis product, the method comprising:

providing a mixture comprising an olefin metathesis prod-

uct and residual metathesis catalyst; and

adding an isomerization suppression agent to the mixture

to passivate at least a portion of the residual metathesis
catalyst;

wherein the isomerization suppression agent is a phosphite

ester.

2. The method of claim 1, wherein the phosphite ester is a
compound having a structure:

P(OR'R?R?);,
wherein R!, R?, and R? are alike or different and are each
independently selected from the group consisting of: substi-
tuted or unsubstituted C,-C, o, alkyl, a substituted or unsub-
stituted aryl, and any combinations thereof, such that any two
or more of R', R?, and R? are optionally taken together to
form a bidentate or tridentate ligand to the phosphorous atom.

3. The method of claim 2, wherein the phosphite ester is
selected from the group consisting of aryl organophosphites,
alkyl organophosphites, aryl-alkyl mixed organophosphites,
and any combinations thereof.

4. The method of claim 2, wherein the phosphite ester is
selected from the group consisting of trisnonylphenyl phos-
phite, diphenyl phosphite, triphenyl phosphite, phenyl diiso-
decyl phosphite, diphenyl isodecyl phosphite, diphenyl
isooctyl phosphite, tetraphenyl dipropyleneglycol diphos-
phite, poly (dipropyleneglycol) phenyl phosphite, C,,-C, s
alkyl bisphenol A phosphite, C, , alkyl bisphenol A phosphite,
triisodecyl phosphite, tris(tridecyl) phosphite, trilauryl phos-
phite, tris(dipropylene glycol) phosphite, dioleyl hydrogen
phosphite, tris(2,4-di-tert-butylphenyl) phosphite, distearyl
pentaerythritol diphosphite, distearyl pentaerythritol diphos-
phite, bis(2,4-dicumylphenyl) pentaerythritol diphosphite,
dodecyl nonylphenol phosphite blend, triisotridecyl phos-
phite, 2-ethylhexyl diphenyl phosphite, tetraphenyl dipropy-
leneglycol diphosphite, phenyl neopentylene glycol phos-
phite, heptakis (dipropyleneglycol) triphosphite, trilauryl
trithio phosphite, diphenyl tridecyl phosphite, tris (dipropy-
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leneglycol) phosphite, poly 4.4' isopropylidenediphenol-C10
alcohol phosphite, 4,4' isopropylidenediphenol-C12-15 alco-
hol phosphite, and any combinations thereof.

5. The method of claim 1, wherein the olefin metathesis
product is a compound comprising an internal carbon-carbon
double bond.

6. The method of claim 1, wherein the olefin metathesis
product comprises a carboxylic ester moiety.

7. The method of claim 1, wherein the olefin metathesis
product is selected from the group consisting of 9-decenoic
acid, an ester of 9-decenoic acid, 9-undecenoic acid, an ester
of 9-undecenoic acid, 9-dodecenoic acid, an ester of 9-dode-
cenoic acid, 1-decene, 2-dodecene, 3-dodecene, and any
combinations thereof.

8. The method of claim 1, wherein the olefin metathesis
product is derived from the metathesis of a natural oil.

9. The method of claim 8, wherein the olefin metathesis
product is derived from the cross-metathesis of a natural oil
with a low molecular weight olefin.

10. The method of claim 1, wherein the residual metathesis
catalyst is a compound comprising a transition metal selected
from the group consisting of ruthenium, rhenium, tantalum,
nickel, tungsten, molybdenum, and any combinations
thereof.

11. The method of claim 1 wherein the residual metathesis
catalyst is a compound comprising ruthenium.

12. The method of claim 7, wherein the phosphite ester is a
compound having a structure:

P(OR!R?R?),,

5

10

15

20

25

28

wherein R', R? and R? are alike or different and are each
independently selected from the group consisting of:
substituted or unsubstituted C,-C, , alkyl, a substituted
or unsubstituted aryl, and any combinations thereof,
such that any two or more of R*, R?, and R? are option-
ally taken together to form a bidentate or tridentate
ligand to phosphorous atom.

13. The method of claim 8, wherein the phosphite esteris a

compound having a structure:

P(OR'R?R?);,

wherein R', R? and R? are alike or different and are each
independently selected from the group consisting of:
substituted or unsubstituted C,-C, , alkyl, a substituted
or unsubstituted aryl, and any combinations thereof,
such that any two or more of R*, R?, and R? are option-
ally taken together to form a bidentate or tridentate
ligand to phosphorous atom.

14. The method of claim 9, wherein the phosphite esteris a

compound having a structure:
P(OR'R?R?);,

wherein R', R?, and R? are alike or different and are each
independently selected from the group consisting of:
substituted or unsubstituted C,-C, , alkyl, a substituted
or unsubstituted aryl, and any combinations thereof,
such that any two or more of R*, R?, and R? are option-
ally taken together to form a bidentate or tridentate
ligand to phosphorous atom.
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